Menkes' disease is an X-linked recessive disorder charaaerized by accumulation of copper in various organs and cells, such as the intestine, kidney, and cultured fibroblasts. Light and electron microscopic localization of Cu was investigated in the intestine and kidney ofmacular mice, an animal model of Menkes' disease, by a modified dide-silver method. Cu was accumulated in the cytoplasm of the absorptive epithelial cells, the vascular endothelium, and secretory granules of the Paneth cells. In kidney the distal tubule cells and glomeruli of both macular and control mice stained faintly, whereas the organelle-free cytoplasm in the proximal tubule
Introduction
Menkes' disease is an X-linked recessive disorder of copper metabolism. The main clinical manifestations are those of Cu deficiency, caused by defective Cu absorption in the intestine (1,2). Most ingested Cu from the diet is reportedly trapped and accumulated in the intestine (3-5). A similar accumulation of excess Cu is observed in other organs and cells, such as kidney and cultured fibroThe macular mutant mouse has been described as an animal model of Menkes' disease and exhibits similar disorders, such as accumulation of an excessive amount of Cu in the intestine and kidney (9-11). However, little is known about the distribution of the Cu in the affected cells.
We investigated histochemically the distribution of Cu in the intestine and kidney of macular mice. An excessive amount of Cu was detected in the cytoplasm of the absorptive epithelial cells, the vascular endothelium, and the secretory granules ofthe Paneth cells blasts (6) (7) (8) . 
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in the intestine, as well as in the organelle-free cytoplasm of the proximal tubule cells in kidney.
Materials and Methods
Male hemizygote macular mice and normal littermate controls were treated with sc injections of cupric chloride solution (50 pg of CuC12) on postnatal Days 7 and 10. They were kept on a normal diet under standard conditions for 60 days. Untreated normal littermates were also used as controls for the light microscopy study.
Trace Element Concentrations in Kidney. The kidneys were removed from each of the three macular and control mice after perfusion with saline. A portion of the kidneys was dried at 105'C for 2 days and then weighed. After the tissues were wet-digested with 5 N HNO3 by heating, the HNO3 concentration of the clear residual liquid was adjusted to 2 N by addition of double-distilled water (DDW). The concentrations of Cu, Zn, and Fe in the residual liquid were analyzed by inductively coupled plasma atomic emission (SeikopY 48P) (Seiko Instruments; Tokyo, Japan). The concentration of Pb was analyzed with a Hitachi 2-8000 atomic absorption spectrophotometer (Hitachi; Tokyo, Japan).
Preparation of Sections for Light Microscopy. The sections for light microscopy were prepared according to a modified sulfide-silver method described by Szerdahelyi and KasB (12) , with slight modification as follows.
Ether-anesthetized mice were transcardially perfused with a 0.3 96 so- Prep..ltion of Sections for Elecaon Microscopy. Pentobarbid-anesthetized mice were transcardially perfused with a 0.3% sodium sulfide solution for 3 min and then with fixative solution for 5 min. The fixative solution consisted of 2% paraformaldehyde, 0.1% glutaraldehyde, 0.1 mollliter phosphate buffer, pH 7.4. The fiied intestine and kidney were cut into 300-pm and 100-pm thick tissue slices, respectively, using a microslicer. The tissue slices were placed in 15% TCA solution for 15 min, rinsed with DDW, and placed in Ti"% reagent. The incubation times were 90 and 50 min for the intestine and kidney, respectively. After being washed with PBS. the slices were post-fixed with 1% 0~0 4 , dehydrated in a graded series of ethanol, and then embedded in Quetol812. Ultra-thin sections of the tissues stained with uranyl acetate and lead citrate were examined with a JEOL 10OCX electron microscope at 100 kV.
All glassware was washed with 2 N HNO3 before use to avoid contamination by metals.
Results

Trace Element Concentrations in the Kidney
As shown in Table 1 , the Cu concentration in the kidneys of macular mice was significantly higher than that of the controls. The concentrations of Zn and Fe in the kidneys ofmacular mice were slightly higher than those of the controls. However, there was no difference in the concentrations of Pb in the two groups.
Histochemical Examination for Copper in the Intestine
Light Microscopy. Cu-containing structures appeared in the form of brown or dark-brown granules. There was no difference in the intensity or localization of Cu-related staining between treated and untreated controls (data not shown). The absorptive epithelial cells of macular mice stained more intensely than the controls (Figure 1 ).
Electron Microscopy. Cu appeared as reaction deposits. A few reaction deposits were observed in the microvilli and the absorptive epithelial cells of the controls (Figure 2a) . In macular mice, many reaction deposits were observed in the cytoplasm of the absorptive cells. The deposits were especially clustered at the apices of the cytoplasm, but were also found throughout the organelle- free area of cytoplasm (Figure 2c ). Neither nuclei nor mitochondria were stained. Reaction deposits were also observed in the vascular endothelium of macular mice (Figure 2d ). Many reaction deposits were observed in the intercellular spaces under the epithelium of the control mice, whereas they were not observed in macular mice (Figures 2b and 2d) . The Paneth cells of control mice stained faintly (Figure 3a) . In contrast, the reaction deposits were located densely in the secretory granules of the Paneth cells of macular mice (Figure 3b) .
Histochemical Emmination for Copper in the Kidney
Light Microscopy. Some renal tubules of the macular mice stained more strongly than those of the controls. The tubules of macular mice that stained intensely for Cu were localized in the outer areas of the cortex (Figure 4) . Electron Microscopy. The distal tubule cells of control and macular mice hardly stained, whereas reaction deposits were clearly ob- (Figures 5a and 5b) . The density of the deposits in the cytoplasm of macular mice was significantly higher than that of the controls. The nuclei, mitochondria, and lysosomes of the proximal tubule cells of macular mice hardly stained at all, i.e., Cu was concentrated in the organelle-free cytoplasm in the proximal tubule cells (Figure 5c ). A few reaction deposits were observed in the basement membrane of the glomeruli from macular mice and controls. The density and localization of the deposits in the glomeruli of macular mice were similar to those of the controls (data not shown).
Discussion
The modified sulfide-silver method employed in this study was based on the method reported by Kozma et al. (13) and Szerdahelyi and KasI (12) . They claimed that this method was suitable for histochemical detection of tissue Cu if& and Fe were removed from the tissue by 'ICA treatment of the sections before staining. However. they also mentioned that Pb might be detected. To identlfv the trace elements stained by the method applied, the concentrations of the trace elements in the kidneys of macular mice and control mice were analyzed (Eble 1). The results showed no difference in the concentrations of Pb in macular mice and controls. We therefore concluded that the difference in the degree of staining between macular mice and controls reflects a difference in Cu content.
Macular mice and brindled mice have been reported as animal models of Menkes' disease (9-11.14.15). These mutant mice arose in different laboratories but are indistinguishable in their features. Both mice died about 2 weeks after birth when untreated with Cu injections. Treatment with Cu injections on Days 7-10 after birth, however, allows them to survive and grow almost normally (16J7). In this study, 60-day-old mice were used for the purpose of exact perfusion. The mice received two injections of Cu on Days 7 and 10 after birth, preventing their death. However, since no differa ence was observed in the degree of staining between controls with or without Cu injections, the Cu injections probably did not affect our results.
Biochemical analysis has revealed copper accumulation in the kidney and intestine of patients with Menkes' disease and animal models (7, 8, 10, 15) . The ingested Cu is uapped in the intestine and little is detected in the blood (4, 5) . Our results showed Cu accumulation in the cytoplasm of the intestinal epithelial cells and in the vascular endothelium of macular mice, suggesting that the ingested Cu is trapped in these cells. The Cu clusters observed in the cytoplasm seem to be within vesicles. The vesicles may be apical vesicles, because Cu clusters were localized only at the apices of the cytoplasm. These facts indicate that ingested Cu is internalized by the vesicles and then transferred to the cytoplasmic matrix. Copper accumulation is also observed in the cytoplasmic matrix of macular mice. The localization of Cu in the epithelium of macular mice suggests that transport of Cu from the cytoplasmic matrix to the organelles, such as the mitochondria and lysosomes, and/or to the plasma across the basement membrane is disturbed.
Our results in the kidneys of macular mice showed that Cu accumulated in the proximal epithelial cells but not in the distal tubule cells or in the glomeruli. Suzuki and Nagara (18) reported histological abnormalities in the epithelial cells of the renal proximal tubules of brindled mice but that the glomeruli were normal. Moreover, patients with Menkes' disease reportedly have amino aciduria caused by proximal tubule damage (19) . These findings are consistent with our observations.
In the present study of macular mice, an excessive amount of method, the sulfide probably did not infiltrate into the intracellular space. Consequently, intracellular Cu could not be stained by their method. In the method employed here, the material was first perfused with a sodium sulfide solution and then with a fixative. Therefore, it is likely that the sulfide infiltrates into cells and reacts with intracellular Cu. Biochemical analysis has revealed that Cu, in the form of metallothionein-Cu, accumulates in the cytosol of the cells of patients with Menkes' disease and animal models (8.21-23). Moreover, we reported previously that the mitochondria of cultured fibroblasts from patients with Menkes' disease are in a state of Cu deficiency even though the Cu level of the whole cells is high (24) . Our present results support these biochemical findings and suggest that the Menkes' mutation affects Cu transport from the cytosol to the organelles in the cell. A candidate gene for Menkes' disease has been recently isolated (25-27). The complete sequence revealed that the gene product (Menkes' protein) is a P-type cation-transporting protein, an integral membrane protein. Our results suggest that the Menkes' protein occurs in the membrane of the cellular organelles and is involved in copper transport from the cytosol to the organelles.
